The role of nuclear receptor corepressor (NCoR) in thyroid hormone (TH) action has been difficult to discern because global deletion of NCoR is embryonic lethal. To circumvent this, we developed mice that globally express a modified NCoR protein (NCoRΔID) that cannot be recruited to the thyroid hormone receptor (TR). These mice present with low serum T and T concentrations accompanied by normal TSH levels, suggesting central hypothyroidism. However, they grow normally and have increased energy expenditure and normal or elevated TR-target gene expression across multiple tissues, which is not consistent with hypothyroidism. Although these findings imply an increased peripheral sensitivity to TH, the hypothalamic-pituitary-thyroid axis is not more sensitive to acute changes in TH concentrations but appears to be reset to recognize the reduced TH levels as normal. Furthermore, the thyroid gland itself, although normal in size, has reduced levels of nonthyroglobulin-bound T and T and demonstrates decreased responsiveness to TSH. Thus, the TR-NCoR interaction controls systemic TH sensitivity as well as the set point at all levels of the hypothalamic-pituitarythyroid axis. These findings suggest that NCoR levels could alter cell-specific TH action that would not be reflected by the serum TSH.
To gain better insight into TH action and corepressor function, we recently developed a mouse model that expressed in a liver-specific manner a mutant NCoR protein (NCoRΔID) that could not interact with the TR. These mice demonstrated that NCoR plays a specific and sufficient role in transcriptional repression by the TR in the absence of T and established that NCoR also mediates T sensitivity on positive TR targets (14) . The ability of NCoR to mediate ligand-dependent sensitivity in context of nuclear receptor signaling is supported by two other mouse models that also possess defective NCoR or SMRT function (15, 16) .
To better understand the role of NCoR in global TH signaling, we have now developed mice that express the NCoRΔID in all tissues. These mice appear normal but have low circulating TH concentrations. Despite this, their serum TSH is not elevated compared with the wild-type controls, and markers of TH action in peripheral tissues do not indicate hypothyroidism. These results suggest that the loss of functional NCoR allows for the hypothalamic-pituitary-thyroid (HPT) axis to be reset in the face of increased peripheral sensitivity to TH. Thus, NCoR function mediates TH sensitivity in vivo and can alter the central set point of the thyroid axis.
Results

NCoRΔID mice develop normally but have altered thyroid function tests
To determine the function of NCoR in T signaling, we generated mice that express the NCoRΔID protein in all tissues. This was achieved by crossing NCoR mice (14) with Zp3-Cre mice that express (Cre) recombinase under control of the zona pellucida gene regulatory elements in the developing oocyte (Supplemental Fig. 1A ). Mice homozygous for the NCoRΔID allele (NCoRΔID mice) are born at expected Mendelian ratios and develop normally. The expression of NCoRΔID was confirmed in a variety of tissues by Western analysis using a specific C-terminal antibody that recognizes both NCoR and the smaller NCoRΔID (Supplemental Fig. 1B) . Thus, whereas complete loss of NCoR leads to embryonic lethality, the region surrounding and including the third and second interacting domains (N3 and N2) of NCoR is not required for normal development.
To assess whether the presence of NCoRΔID has a global effect on T signaling, we first measured thyroid function in both wild type (WT) and NCoRΔID mice. Remarkably, as shown in Fig. 1A , male NCoRΔID mice have 30% reductions in both their total T and total T levels compared with WT controls. To rule out a defect in serum TH binding proteins, we measured free T levels and found them to be low in NCoRΔID mice as well. Similarly, low TH levels are seen in female NCoRΔID mice (data not shown). Despite the low circulating TH concentrations, NCoRΔID mice have serum TSH levels that are identical to control animals (Fig. 1B) . Similarly, NCoRΔID mice demonstrate unaltered expression of TSHα and TSHβ mRNA in the pituitary and TRH mRNA in hypophysiotrophic neurons in the paraventricular hypothalamus (PVH), as compared with WT mice (Fig. 1, C and D). Taken together, the thyroid function panel and analysis of gene expression in the pituitary and hypothalamus in NCoRΔID mice is most consistent with central hypothyroidism because normally such a decrease in circulating TH levels should lead to significant elevation of serum TSH and both tsh subunit and trh gene expression (17) . Fig. 1 . NCoRΔID mice have reduced circulating TH levels accompanied by normal serum TSH and normal TSH and TRH mRNA expression. A, Serum total T , free T , and total T were measured by RIA in male adult WT and NCoRΔID mice (n = 6-10 per ...
NCoRΔID mice have normal growth and enhanced energy expenditure
To determine whether NCoRΔID mice demonstrate a phenotype similar to other known mouse models of central hypothyroidism, we assessed their growth. NCoRΔID mice are identical in size to the littermate controls at birth and grow in a similar fashion ( Fig. 2A) , which is supported by pituitary GH mRNA levels that are equal to the WT controls (see Fig. 6C ). In contrast, TRH, TRH receptor-1, and type 3 deiodinase knockout mice, welldescribed models of central hypothyroidism (with circulating TH levels similar to NCoRΔID mice but with elevated levels of TSH), demonstrate significant growth delay (18) (19) (20) . The HPT axis of NCoRΔID mice responds normally to changes in serum TH level. A, Serum TSH was measured by high-affinity RIA in hypothyroid (PTU) and low T replacement dose groups (n = 3-7 animals per group). B, TSH subunit mRNA levels ...
Beginning around 6 wk of age, NCoRΔID mice show a slight but significant reduction in body weight (BW) compared with WT controls ( Fig. 2A) . At the same time, the animals have normal lean body mass and a tendency for a lower body fat content accompanied by normal food intake and core body temperature (Fig. 2, B-D) . Using indirect calorimetry in a comprehensive laboratory animal monitoring system (CLAMS), we found that NCoRΔID mice show significantly increased oxygen consumption and normal physical activity (Fig. 2E) , demonstrating increased energy expenditure, which likely explains their leanness. This finding is in contrast with the low serum TH levels because hypothyroidism is known to be associated with decreased energy expenditure (21, 22) .
To further explore the changes in energy expenditure in NCoRΔID mice, we examined their brown adipose tissue (BAT), the major site of adaptive thermogenesis in rodents, a process in which T has been shown to play an important role. BAT is known to show signs of increased stimulation during cold exposure as well as in hypothyroidism and in animals that lack all TR isoforms (21, (23) (24) (25) . Histological analysis of intrascapular BAT pads in NCoRΔID mice showed no signs of increased stimulation such as decreased lipid content or more acidophilic cytoplasm, compared with WT controls (Fig. 3A) . Also, as shown in Fig. 3 , B and C, protein and mRNA expression levels of uncoupling protein 1 (UCP-1), which is a known TRβ target gene and is essential for thermogenesis (26) , were normal in NCoRΔID mice despite the low TH levels in these animals. Similarly, other signature genes that would indicate activation of BAT including pgc-1α and dio2 are also expressed normally in NCoRΔID mice (Fig. 3D) . We also looked at expression of lipogenic genes because hypothyroid animals are known to activate lipolysis and lipogenesis in BAT (27, 28) . Although lipogenesis and lipogenic enzymes such as fasn as well as thrsp, Spot 14 are known to be positively and directly regulated by TH in the liver and isolated brown adipocytes, they have been shown, in contrast, to be up-regulated in BAT of hypothyroid animals as a secondary effect of systemic hypothyroidism, presumably to activate adaptive thermogenesis to compensate for the decreased heat production in the face of a low metabolic rate (29, 30) . In NCoRΔID mice mRNA expression of both thrsp and fasn were significantly reduced compared with WT controls, and expression of malic enzyme (mod1) trended in that direction (Fig. 3D) . Thus, BAT of NCoRΔID animals does not show any signs of activation, which taken together with down-regulation of lipogenic enzymes likely reflects a reduced need for BAT-mediated thermogenesis due to the increased energy expenditure in other TH target tissues in these mice. 
NCoRΔID mice have increased peripheral sensitivity to TH
To further address tissue sensitivity to TH in NCoRΔID mice, we evaluated TH signaling in the liver and heart in cohorts of euthyroid (fed normal chow) and hypothyroid [fed low iodine/propylthiouracil (PTU) diet] animals, as well as a third cohort in which T levels were equalized between NCoRΔID and WT groups (see Materials and Methods) (Supplemental Fig. 2 ). As shown in Fig. 4 , hepatic mRNA expression of known positive TH targets in the euthyroid state is either normal (dio1, gpd2, and mod1) or increased (thrsp) in NCoRΔID mice despite their low levels of circulating TH. In the hypothyroid state, each of the tested genes was activated or de-repressed in NCoRΔID mice, consistent with the obligate role of NCoR in the repression of positive targets in the hypothyroid state in liver. In the cohort with identical circulating T levels, most tested genes (except mod1 and cyp7a) showed elevated mRNA expression in NCoRΔID as compared with WT mice (Fig. 4A) , consistent with enhanced hepatic sensitivity to TH. The inability of the TR to recruit NCoR to target promoters should prevent histone deacetylation and thus lead to activation of gene expression. Indeed, a chromatin immunoprecipitation (ChIP) assay (Fig. 4B) clearly demonstrates increased histone acetylation of the gpd2 promoter in the hypothyroid NCoRΔID mice as compared with the WT mice. To confirm the enhanced sensitivity to TH at a physiological level, we also examined the response of serum cholesterol to T treatment in hypothyroid NCoRΔID and WT mice. Indeed, although T replacement significantly lowered serum cholesterol in both hypothyroid NCoRΔID and WT animals, the cholesterol levels were completely normalized only in NCoRΔID mice and remained elevated in WT animals. This effect, however, does not appear to be mediated by Cyp7a1 because we did not detect any differences in its mRNA expression between WT and NCoRΔID animals ( Fig. 4C ).
To evaluate TH sensitivity in the heart, we examined heart rate (HR) and left ventricular (LV) mass, well-known biomarkers of TH action (31, 32) , by echocardiography in unanesthetized animals. Unlike the liver of NCoRΔID mice, which responded with enhanced sensitivity to T in all respects, the hearts of these animals showed significant bradycardia (610 vs. 710 bpm in WT mice) in the basal state ( Fig. 5A ), indicating that the hearts sense the low levels of circulating TH present in NCoRΔID mice. Furthermore, NCoRΔID animals responded appropriately to changes in TH levels with further bradycardia in hypothyroidism and appropriate normalization of HR with T treatment. In both the hypothyroid and replacement states, identical T levels in WT and NCoRΔID mice resulted in equal HR. Thus, NCoRΔID mice sense TH levels normally in the context of the genetic program mediating chronotropic effects of TH. Surprisingly, whereas NCoRΔID mice appear to be hypothyroid in the context of HR, we found evidence of increased LV mass in NCoRΔID mice in all conditions by echocardiography (Fig. 5A ). Indeed, an increase in LV mass in mice is known to be secondary to hyperthyroidism (33, 34) , suggesting that even though low TH levels are being sensed by the mechanisms that control HR, the genetic program controlling LV mass senses these levels as elevated. The results of echocardiography were confirmed by direct measurements of the heart weights in T -replaced mice (Fig. 5B) . Thus, the heart in NCoRΔID mice has characteristics of both hypo-and hyperthyroidism. Interestingly, the TRα1 isoform is reported to control HR, whereas the TRβ1 isoform controls cardiac mass and hypertrophy (35, 36) . This suggests that NCoR could have isoform-specific effects in context of the regulation of HR. Despite the physiological changes seen in HR and LV mass, we saw little change in cardiac-specific gene expression despite the low TH levels in NCoRΔID mice consistent with increased sensitivity to TH. Hcn2 has been reported to be important in setting HR and is a known T target (37) but is not different in the euthyroid setting and is slightly derepressed in the hypothyroid state. Similarly, serca-2 is derepressed in the hypothyroid state in NCoRΔID mice but not different in the euthyroid or T -replaced states. There were no obvious changes in the regulation of the α and β myosin heavy-chain genes (myh6 and myh7 respectively) as well. (Fig. 5C ).
The HPT axis is reset in NCoRΔID mice Given that NCoRΔID mice have low circulating TH levels with evidence of peripheral hyperthyroidism, we next examined the HPT axis to determine why TSH levels remain normal in NCoRΔID mice. As shown in Fig. 6 (A  and B) , the induction of hypothyroidism leads to a dramatic rise of serum TSH and tsh subunit gene expression that is not different between NCoRΔID and WT mice. TRH mRNA was also similarly up-regulated in the PVH (data not shown). Thus, the N3 and N2 IDs of NCoR do not appear to be required for ligand-independent activation of these negative TR targets. Surprisingly, serum TSH and the tsh subunit genes also responded to T replacement in a similar fashion in NCoRΔID and WT mice, indicating that the hypothalamus and pituitary may not be more sensitive to T as opposed to peripheral tissues (Fig. 6, A and B) . We also found that mRNA expression of two other pituitary TH target genes, dio2 and gh, is normal in NCoRΔID mice in all conditions, with gh being de-repressed in the hypothyroid state (Fig. 6C) .
We next interrogated mRNA expression levels of TR isoforms and a number of coregulators in the pituitary of WT and NCoRΔID mice to determine whether the presence of NCoRΔID could affect tsh subunit gene expression indirectly by altering expression of these key regulators of transcription. Although we found the majority of coregulators to be regulated by the thyroid status, their expression did not vary between WT and NCoRΔID mice with the exception of SRC-3, which was slightly down-regulated in NCoRΔID animals (Table 1 ). Interestingly, we found that TRβ1 and TRβ2 mRNA levels were significantly reduced in NCoRΔID mice, which clearly did not affect their function. Importantly, it has been previously shown that mice with resistance to TH have increased mRNA levels of TRβ isoforms in the pituitary (13) . Therefore, it appears that the changes in trb expression compensate for the changes in sensitivity to TH. To further investigate the central sensitivity to TH in NCoRΔID mice, we performed a T -suppression test with low doses of T that should partially suppress TSH secretion and thus decrease serum T (38) . As demonstrated in Fig. 6D , NCoRΔID mice, if anything, have a smaller drop in serum T in response to exogenous T and thus do not have increased sensitivity to TH at the level of the hypothalamus and the pituitary.
If the normal TSH present in NCoRΔID mice cannot be explained by increased sensitivity to circulating TH, we next asked whether maternal TH function could influence the set point of the thyroid axis. Indeed, it is well known that significant amount of maternal TH crosses the placenta and is required for fetal development. Because all of our NCoRΔID mice resulted from matings of heterozygote parents, we hypothesized that the homozygote NCoRΔID fetus would sense the normal TH levels in heterozygote dams (data not shown) as high and present with central suppression of the thyroid axis. Indeed, this does occur in WT mice born to mothers with resistance to TH (39) . In contrast, NCoRΔID animals born to NCoRΔID dams would see low maternal T levels and avoid suppression of the axis. We thus generated NCoRΔID mice in parallel from dams heterozygote or homozygote for the NCoRΔID allele. As shown in Fig. 7A , at 9-11 wk of age, NCoRΔID mice born to NCoRΔID dams had T levels identical to NCoRΔID mice born to heterozygous dams. In both cases these T levels were significantly lower than in WT animals born to heterozygous dams. Thus, the central axis is not reset in utero due to increased sensitivity present in NCoRΔID mice during development. We next explored T levels in WT and NCoRΔID mice soon after birth to see when NCoRΔID animals developed low TH levels. We first measured T levels at postnatal d 5 because circulating T levels are very low in newborn mice. Interestingly, T levels in WT and NCoRΔID pups are identical at d 5 but diverge significantly by d 10 (Fig. 7B) . At the same time, expression levels of TSH subunit mRNA was not different in NCoRΔID pups compared with WT in any of Go to: Go to: the age groups (Fig. 7C) . Thus, the thyroid axis in NCoRΔID mice appears to be reset postnatally. Fig. 7 . The HPT axis in NCoRΔID animals is reset during early neonatal development. A, Total T levels in NCoRΔID animals are not affected by maternal circulating TH concentrations. Total serum T4 was measured by RIA in 9 to 11 week old WT and ... Whereas NCoRΔID mice have an inappropriate central response to the low circulating TH levels, their TSH levels are identical to those found in controls. Thus, it would be expected that the circulating T levels should not be different in NCoRΔID and WT animals unless the TSH produced in NCoRΔID mice was biologically less active or there was a defect in the response of the thyroid gland to stimulation by TSH. To answer this question, we first examined thyroid size and weight, sensitive measures of TSH bioactivity, and could find no difference between WT and NCoRΔID mice (Fig. 8, A-C) . To test TSH responsiveness of the thyroid, we suppressed endogenous T and TSH production with T injections for 4 d and then administered to WT and NCoRΔID mice equal amounts of bovine TSH (bTSH) (30 mU per 100 g of BW). As shown in Fig. 8D , NCoRΔID and WT animals had a similarly suppressed T at baseline, whereas WT animals had a much greater elevation of T secretion in response to TSH than NCoRΔID mice. Thus, NCoRΔID mice also have a defect at the level of the thyroid. To determine the mechanism underlying the thyroidal defect, we evaluated T and T concentrations within the thyroid. As shown in Fig. 8E , intrathyroidal free non-thyroglobulin (Tg)-bound TH levels are decreased in NCoRΔID mice as compared with WT mice, suggesting that TH synthesis is compromised. To evaluate this further, we looked initially at a number of genes involved in TH synthesis including, tshr, tg, and tpo and found their expression to be similar in NCoRΔID and WT mice (Fig. 8F) . 
Discussion
The use of the TSH assay for the diagnosis and treatment of thyroid disorders is essential in clinical practice because the clinical signs of hypo-and hyperthyroidism are not always straightforward. Indeed, because circulating TH levels tightly regulate serum TSH through an elegant feedback system, TSH is felt to be the best biomarker of TH action. However, because the trh and tsh subunit genes are negatively regulated targets of the TR and T , whereas many of the peripheral TR targets are positively regulated by T , it remains possible that differences in the molecular mechanisms underlying positive and negative regulation may allow for discrepancies in hormone action on these targets and thus make the TSH unreliable in certain situations. Indeed, this is already the case in rare genetic syndromes such as resistance to TH and the Allan-Herndon Dudley syndrome (40) (41) (42) (43) (44) .
Although it is clear from a variety of cell culture-based studies that the nuclear corepressors, NCoR and SMRT, play a critical role in TH action, only recently has it become possible to test their role in vivo. Previous studies from our laboratory and others have established that both NCoR and SMRT play an obligate role in TR-mediated repression in hypothyroidism and in addition appear to mediate sensitivity to T on positively regulated targets in the euthyroid state in the liver (14) (15) (16) 45) . However, an understanding of the role of the corepressors in systemic TH signaling has not been appreciated in mice that express a SMRT protein that contains mutations in its nuclear receptor interacting domains and before this study could not be evaluated in mice that globally lack NCoR because of embryonic lethality (16, 46) . A separate mouse model that expresses a NCoR molecule that cannot recruit histone deacetylase 3 (DADm mouse) has also been reported. These mice demonstrate increased energy expenditure similar to NCoRΔID animals but have normal circulating TH levels and slightly elevated TSH levels (15, 45) . These and other differences between the DADm model and the one described in this report could be in part explained by the fact that in the DADm mice, the NCoR molecule can still be recruited to the TR and can therefore block coactivator binding and is thus a distinctly different model.
To circumvent the issue of embryonic lethality in NCoR knockout mice, we developed mice that globally express a NCoRΔID that lacks a region that contains the N3 and N2 interaction domains. We have shown previously that these domains are required for NCoR to recruit the TR. NCoRΔID mice are born at normal Mendelian ratios and have no developmental defects demonstrating that the region surrounding N3 and N2 is not required for normal development and suggests that the functions of domains remaining in NCoRΔID are essential for development. Remarkably when we examined thyroid function tests in NCoRΔID mice, we found that they possessed low TH levels but a normal TSH. Similar low levels of TH are observed in mice that lack either TRH or the TRH receptor and type 3 deiodinase knockout mice (18) (19) (20) . All of these models had apparent central hypothyroidism with either characteristic impaired growth or diminished expression of TH-regulated genes in target tissues such as the liver. In addition, each of these models had slightly increased TSH. In contrast to each of these models and central hypothyroidism in general, NCoRΔID mice grow normally, have normal levels of serum TSH, and do not have evidence of diminished expression of TH target genes in any of the examined tissues. Taken together, NCoRΔID mice appear to have increased sensitivity to TH, which is further supported by their increased energy expenditure and slightly diminished BW as they age. These data further demonstrate that NCoR levels are critical for cellular sensitivity to TH.
Although increased sensitivity to TH is observed in different tissues of NCoRΔID mice, in context of gene expression, two notable physiological exceptions are present. The first is HR, which appears to respond appropriately to reduced TH levels in NCoRΔID animals. When TH levels are matched between NCoRΔID and WT mice, either in the hypothyroid state or during T replacement, the HR becomes identical between the two genotypes. Thus, the genetic program that governs HR is not influenced by the lack of NCoR. Because animal models that lack TRα are also bradycardic, demonstrating the importance of this isoform in regulation of HR, it remains possible that the actions of NCoR are either TR isoform specific or program specific (35, 37, 47) . Importantly, the presence of bradycardia in NCoRΔID mice definitively establishes the relevance of the low circulating levels of TH present in these animals, making the lack of response in other tissues even more remarkable.
The second exception is the hypothalamic-pituitary axis. In all animal models of central hypothyroidism, the TSH is moderately elevated and there are deficits in the response of the HPT axis to hypothyroidism. Neither of these issues is present in NCoRΔID mice. Furthermore, in WT mice a reduction of TH levels by 30% would lead to a significant increase in serum TSH levels. In contrast, NCoRΔID mice have normal serum TSH and TRH mRNA levels despite low TH levels. This presentation led us to initially hypothesize that NCoRΔID mice were more sensitive to TH at the level of the pituitary and hypothalamus. However, a T suppression test does not support this hypothesis. Furthermore, the axis does not appear to be reset in utero, although low TH levels are present in NCoRΔID beginning very early in life. Further work will be required to understand how the hypothalamus and pituitary are reset in NCoRΔID mice.
Whereas the normal TSH in NCoRΔID mice contributes to the phenotype present, it does not fully explain the low TH levels seen. Indeed, because thyroid size is not different between genotypes, TSH bioactivity must be normal in NCoRΔID mice, and thus, these animals would have normal TH levels if they responded normally to TSH. The lack of a normal TSH response in NCoRΔID mice suggests that thyroidal function is altered. Indeed, this is supported by the reduced levels of non-Tg bound T and T within the thyroids of NCoRΔID mice. This finding is consistent with a defect in either TH synthesis or processing from Tg and is in contrast to the elevated levels of T and T found within the thyroids of monocarboxylate transporter-8 knockout mice who have a defect in TH secretion (48, 49) . This finding raises the intriguing possibility that T signaling controls its own synthesis directly within the thyroid as well as at the level of the hypothalamus and pituitary.
In summary, the development of mice that express NCoRΔID in lieu of NCoR in all tissues has produced a model that shows enhanced sensitivity to TH across multiple tissues without affecting the serum TSH. This phenotype predicts that cellular NCoR levels could be key contributors to local TH action in vivo that would be missed by examining only the serum TSH. Thus, there is significant need to develop novel biomarkers of TH action across a variety of tissues to properly assess tissue specific effects of TH.
Materials and Methods
Generation of NCoRΔID mice
To obtain a mouse strain with global expression of NCoRΔID protein, we crossed NCoR animals (14) with Zp3-Cre transgenic mouse line that expresses Cre recombinase under the control of zona pellucida gene regulatory elements, exclusively in the growing oocytes [C57BL/6-Tg(Zp3-cre)93Knw/J; Jackson Labs, Bar Harbor, ME]. After the germline transmission of the recombined NCoR allele was confirmed by PCR, the NCoR were crossed to produce NCoR (NCoRΔID) and littermate control NCoR (WT) animals. Mice were maintained on a mixed B6-129S strain background.
Animal maintenance and sample collection
All experiments described were performed in male mice between 8 and 12 wk of age unless otherwise specified. Animals were housed in the Beth Israel Deaconess Medical Center animal facility on a 12-h light, 12-h dark cycle and given standard rodent chow (Harlan Teklad F6 Rodent Diet 8664; Indianapolis, IN) and water ad libitum. At the end of the experiments, the mice were killed by asphyxiation with CO . Blood samples from adults and older neonates were taken by cardiac puncture, whereas trunk blood was collected from younger (5-10 d old) neonates. Serum was separated by centrifugation and stored at −80 C. Tissues were rapidly collected, flash frozen in liquid nitrogen, and stored at −80 C. For determination of heart weights, the hearts were rinsed with PBS, the liquid squeezed out, the atria removed, and the ventricles weighed and immediately frozen in liquid nitrogen and stored at −80 C. All experiments were approved by Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee.
Histological analysis
Intrascapular BAT pads and thyroid glands attached to trachea were excised from adult male mice and fixed in formalin. Paraffin embedding, sectioning (5 µm), and hematoxylin and eosin staining of the sections were performed using standard techniques at AML Labs, Inc. (Baltimore, MD) . For the assessment of the thyroid gland size, 13-28 images of midthyroid sections per animal were obtained using standard light-field microscopy, and thyroid gland size was estimated by measuring the thyroid area on the sections using ImageJ software 
TH level manipulations
Hypothyroidism was induced by feeding the animals with a low-iodine diet supplemented with 0.15% PTU (LoI/PTU, Harlan Teklad TD.95125) for 3 wk. The T replacement groups were given T (Sigma, St. Louis, MO) as ip injections once a day at 0.2 µg (low dose) or 0.5 µg (physiological replacement) per 100 g of BW in PBS for the last 3 or 4 d of PTU feeding, respectively, and were killed 14-15 h after the last injection.
T suppression test
Groups of WT and NCoRΔID mice (nine and seven per group, respectively) were consecutively given incremental doses of T (0.08 µg per 100 g BW per day followed by 0.2 µg per 100 g BW per day) by ip injections once a day for 4 d each. Blood samples were collected from the submandibular vein before the treatment (baseline) and 14-15 h after the last injection for each T treatment. The total serum T levels were measured and the decrease after the treatment was expressed as a percentage of the baseline obtained in the same animal before the treatment.
TSH response test
To suppress endogenous production of T and TSH, WT and NCoRΔID mice (five and seven per group, respectively) were given ip injections of T at 4 µg per 100 g BW per day for 4 d. Fourteen to 15 h after the last injection, blood samples were collected from the submandibular vein to confirm that the T levels were suppressed and serve as a baseline. Animals were then given a single injection of highly purified bTSH (National Hormone and Peptide Program, Torrance, CA) at 30 mU per 100 g BW, and blood samples were taken 3 h later to assess the increase of total T .
Indirect calorimetry
Metabolic rates were measured by indirect calorimetry in 12-to 14-wk-old male NCoRΔID and control singlehoused mice (eight and six per group, respectively) within open-circuit Oxymax chambers of the CLAMS (Columbus Instruments, Columbus, OH). Ambulatory activity was evaluated at the same time by using an OPTO-M3 sensor system (Columbus Instruments). Consecutive adjacent photobeam breaks were scored as an ambulatory count. Cumulative ambulatory activity counts were recorded every 10 min. Mice were acclimated to monitoring cages for 72 h before data acquisition, weighed, and then underwent 72 h of monitoring. During this entire period, mice were maintained at approximately 22-24 C under a 14-h light, 10-h dark cycle. Food and water were available ad libitum.
Core body temperature
Body temperature was measured in the groups of mice used for indirect calorimetry, with a digital rectal thermometer (PhysiTemp ThermoAlert model TH-5; Physiotemp Instruments, Clifton, NJ) at 1700 h for 3 consecutive days. Data were calculated based on the means of the three measurements for each mouse.
Food intake
After the indirect calorimetry experiment, the mice were single housed, and food intake was measured daily for 4 wk. Data were calculated based on the means of all measurements obtained for each mouse.
Body composition
At the end of the food intake measurements, the mice were subjected to magnetic resonance imaging (MRI) using Echo MRI (Echo Medical Systems, Houston, TX) to determine the body composition.
Echocardiography studies
Echocardiography was performed on unanesthetized mice using a 13 L high-frequency linear (10 MHz) transducer (VingMed 5; GE Medical Services, Milwaukee, WI) with a depth set at 1 cm and 236 frames per second for two-dimensional images. M-mode images used for measurements were taken at the papillary muscle level. The measurements were taken on the same groups of mice in euthyroid state (8-9 wk of age), after induction of hypothyroidism (3 wk of PTU diet) and physiological T replacement (0.5 µg per 100 g BW for 4 d). LV mass was calculated using the M-mode (cubed) method, with the formula LV mass (grams) = 1.05[(septal thickness + LV cavity diameter + posterior wall thickness) − (LV cavity diameter) ] (50).
Blood chemistry and hormonal analysis
Total serum T and T as well as free T levels were measured by solid-phase RIA (Coat-a-Count; Diagnostic Products Corp., Los Angeles, CA) in 25 and 50 µl of serum, respectively. TSH was measured in 25 µl of serum using a sensitive, heterologous, disequilibrium, double-antibody precipitation RIA as previously described (51).
Results are expressed in bioassayable TSH units. Enzymatic-colorimetric assay for total cholesterol was purchased from Stanbio Laboratory, Boerne, TX).
Determination of T and T content of the thyroid glands
Thyroidal content of T and T was measured as described by Trajkovic-Arsic et al. (48) . Briefly, thyroid glands were homogenized in 500 µl of ice-cold barbital buffer (0.06 M, pH 8.6; Sigma) using the TissueLyser system (distributed by QIAGEN, Valencia, CA). The homogenates were sonicated 5 × 10 sec at power setting 5 and centrifuged. One hundred microliters of the supernatant were used for enzymatic degradation of Tg, whereas the rest was frozen and stored at −80 C. To degrade Tg, 100 µl of homogenate was mixed with 150 µl of protease solution (6.25 mg of Protease E; Sigma; 3.13.mg of 2-thiouracil; Sigma; in 10 ml of 0.75 M Tris HCl, pH 8.8) and 15 µl of toluol (Sigma) and incubated with shaking at 37 C for 48 h. After that the tubes were incubated at 98 C for 2 min, frozen, and stored at −80 C. T and T concentrations were measured by RIA in dilutions of untreated (non-Tg bound hormones) and digested with protease homogenates (Tg bound hormone), and total hormone content was calculated per gland.
Western blot analysis
Western blots were performed using whole-cell protein extracts from the tissues of animals with indicated genotypes. Approximately 30-50 mg of frozen tissues were homogenized in 1 ml of cell lysis buffer [20 mM Tris (pH7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerolphosphate, 1 mM Na VO , 1 mM phenylmethylsulfonyl fluoride, 1× protease inhibitor cocktail (Roche, Indianapolis, IN)[, sonicated four times for 5 sec at power level 4, and centrifuged for 20 min at maximum speed. Thirty micrograms of total protein were resolved on 3-8% gradient Tris-acetate or 10% Bis-Tris Novex gels (Invitrogen, Carlsbad, CA) and blotted with indicated primary antibodies, followed by appropriate horseradish peroxidase-conjugated secondary antibody, and developed using ECL Plus Western blot detection system (Amersham, Piscataway, NJ). The primary antibodies used were: an affinity-purified rabbit anti-NCoR antibody generated against the C-terminal portion of the NCoR molecule, anti-UCP-1 (M-17; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-actin (20-33; Sigma). The blots were scanned and quantified using ImageJ software (public domain, developed at the National Institute of Mental Health, Bethesda, MD).
In situ hybridization (ISH) Go to: Go to:
Go to: Go to:
TRH mRNA expression was detected by ISH using S-radiolabeled antisense riboprobe on formalin-fixed brain slices as described previously (52) . Dark-field digital images of PVH and LH were acquired with the same exposure time, brightness, and contrast on Zeiss Axioimager Z1 with Axiovision 4.5 software (Oberkochen, Germany). The ×10 magnification images were quantified using ImageJ as described (52) . The pixel densities in the PVH were normalized to pixel densities in LH on the same section. TRH mRNA expression for each experimental condition (euthyroid, hypothyroid, and hyperthyroid) was tested in four to five animals per genotype. Data are presented as sample means ± SEM. The statistical analysis of genotype variation was performed using the unpaired t test.
Real-time quantitative PCR
Total RNA was extracted from frozen tissues with STAT-60 reagent (Tel-Test, Friendswood, TX). Then 0.5 or 1 µg of total RNA was reverse transcribed using Advantage RT-for-PCR kit (CLONTECH, Mountain View, CA) with random hexamer primers. TaqMan gene expression assays for all mRNAs were purchased from Applied Biosystems (Carlsbad, CA). Each reaction contained 15-30 ng cDNA, 10 µl of TaqMan universal PCR master mix, No AmpErase UNG (Applied Biosystems), and 1 µl of TaqMan gene expression assay in a total volume of 20 µl. Quantitative PCR was performed in duplicates using the MX3000P real-time PCR System (Stratagene, Santa Clara, CA). Relative mRNA levels were calculated using the standard curve method and normalized to cyclophilin mRNA.
ChIP assays
ChIP assays were performed as described previously (53) . Chromatin from livers of four different animals per each genotype was pooled, and immunoprecipitations were carried out in quadruplicate. Antibodies used were antiacetyl histone H3 and antiacetyl histone H4 (Millipore, Billerica, MA). Quantitative PCR was performed using SYBR green reaction chemistry (Dynamo SYBR green qPCR reagent; Finnzymes, Espoo, Finland) and a Stratagene Mx 3000 thermal cycler. Primer sequences for the mGpd2 promoter 5′-GGCTGAGTTGCCGGATCATCC-3′ and 5′-CACACACCTGAGATCGGTCGTC-3′. The results are shown as fold enrichment over no antibody control.
Statistical analysis
The differences between genotypes were tested using the unpaired Student's t test. The effectiveness of T treatments was tested using one-way or repeated-measures (when a parameter was tested in the same animals after different treatments, e.g. serum cholesterol) ANOVA with the Bonferroni post hoc test.
Supplementary Material
Supplemental Data:
Click here to view.
